Abstract: There is an increasing concern about the health hazard posed to workers exposed to inhalation of nanoparticles. Inhaling nanoparticles posses an occupational hazard due to elevated amount emitted to the atmosphere and working environment. Nanoparticles have potential toxic properties: the high particle surface area, number concentration, and surface reactivity. Inhalation, the most common route of nanoparticle exposure, has been shown to cause adverse effects on pulmonary functions and the deposited particles in the lung can be translocated to the blood system by passing through the pulmonary protection barriers. Filtration is the simplest and most common method of aerosol control. It is widely used in mechanical ventilation and respiratory protection. However, concerns have been raised regarding the effectiveness of the filters for capturing nanoparticles. This paper reviews the literature on the filtration performance of mechanical filters and respirators against nanoparticles. It includes the discussion about filtration mechanisms, theoretical models, affecting factors of the filtration efficiency, and testing protocols for respirator and filter certification.
Introduction
Over the past decade, there has been considerable research to improve the performance and functionalities of products by modifying their material structure at nanolevel. This technology, termed nanotechnology, promises tremendous potential benefits for society. According to the U. S. Bureau of Labor Statistics and National Institute for Occupational Safety (NIOSH), in the year 2000, approximately 2.0 million people worked with nano-material products 1) . At the same time, it is believed these workers could be exposed to nanoparticles during the manufacturing of different products, and this could potentially pose a health hazard. The term nanoparticle basically refers to the range of particles below 100 nm in size, at least in one axis. Nanoparticles can be introduced to the atmosphere from different sources such as natural phenomena, human or domestic activities. Epidemiological studies on ultrafine particles, of the same size range as nanoparticles, have clearly shown acute and chronic effects related to the exposure to ultrafine particles. Acute toxicity studies on the effects of nanoparticles on animals have also shown acute effects on different organs; however, chronic studies are still very limited 2) .
Findings from the previously mentioned limited toxicological studies demonstrate that for the same mass, a specific material is normally more toxic at the nano-metric size range than that at the micro-metric size range 3, 4) . It has been reported that nanoparticles's larger surface area and higher number concentration play significant roles in enhancing the toxicity of the nanoparticles 5, 6) . This high surface area results in the higher surface reactivity of nanoparticles which influences their potential toxicity in the presence of more molecules on the surface [6] [7] [8] . In addition, it has been demonstrated that some other distinct physicochemical-factors such as crystal structure, aggregation potential and surface coatings may influence the toxicity of the particles in the nano-sized range 9) .
In general, workers are exposed to nanoparticles through a variety of routes in the working environment. These include inhalation, skin absorption, eye contact, and ingestion. Inhalation is considered to be the most common route which nanoparticles reach the various parts of the living organism. When compared with larger particles, a greater portion of inhaled nanoparticles can penetrate into the lung where they are deposited and then translocated to other parts of the body 10, 11) . A portion of these inhaled nanoparticles, are translocated to the brain via olfactory and trigeminus nerve, as observed in rats 12, 13) . Moreover, they can be transported to the blood system by passing through the pulmonary protection barriers 11, 14, 15) . In this regard, the toxicity studies in rats and mice have shown that the exposure to nanoparticles cause pulmonary diseases, cardiovascular health effects, and immune system impairments [16] [17] [18] .
A wide range of engineering control systems have been proposed to reduce or prevent the exposure to nanoparticles. These systems include enclosures, local exhaust system, fume hoods, and general ventilation system. Also, Control Banding is a complimentary approach to protect the workers' health 19) . If engineering controls are insufficient to ensure workers' safety and health, general ventilation system and personal protective equipment using filtration should be used to remove the airborne contaminants. Previous research has confirmed the effectiveness of filters for capturing particles (i.e. traditional airborne contaminants). Standard testing procedures have been developed to measure the effectiveness of filters for capturing macro-particles. The question now is "how effective are these filters for protecting workers against nanoparticles?"
Filtration Mechanisms and Models

Particle filtration mechanisms
Previous studies suggested that filtration efficiency is affected by several parameters such as particle characteristics (i.e. chemical composition, diameter, and density), filtration velocity (based on flow rate and surface area), filter characteristics (i.e. fiber diameter, thickness, fiber packing density and porosity), filtration mechanisms and operational conditions (temperature, humidity) 20, 21) . Particle removal is mainly performed by five collection mechanisms: (1) inertia impaction, (2) interception, (3) diffusion, (4) electrostatic attraction and (5) gravitational setting 22) . The first three collection mechanisms refer generally to mechanical filters and are influenced by particle size and filtration velocity 22) .
Inertia impaction occurs when the particle changes in streamline direction near a filter fiber and collides with the fiber. This collection mechanism is more effective for larger particles and increases at higher particle velocity. Therefore, it does not significantly contribute to the capture mechanisms for nanoparticles. In general, diffusion is seen as the dominant collection mechanism for particles smaller than 0.2 µm, and interception and inertia impaction are dominant for the particles larger than 0.2 µm. It should be noted that the effect of Brownian motion is more significant for smaller particles [23] [24] [25] .
Most penetrating particle size
Previous studies have indicated that the mechanical and electret filters have different performance in aerosol collection within the nano-sized range. In general, for mechanical (non-charged) filters, a particle diameter of 300 nm is referenced as the Most Penetrating Particle Size (MPPS) at 85 l/min -1 ; while for electret filters (charged), the lowest filtration efficiency could occur for particle much smaller than 300 nm in size. The particle penetration through both mechanical and electret filters were investigated for particles between 4.5 nm to 10 µm by Huang et al 16) . They reported that the maximum penetration was reduced from 18.9% to 5.8% with the co-operation of an electrostatic attraction force in particle collection. They demonstrated that the MPPS shifted toward the smaller particle using electret filters. The MPPS occurred at 50 nm for electrets and 200 nm for mechanical filters. Kanaoka et al. reported that the maximum penetration occurred for uncharged particles from 30 to 40 nm in size, whereas singly charged particles showed the peak at much larger size 26) . Balazy et al. measured the penetration of the MS2 viruses (a non-harmful stimulant of several pathogens) through face-piece respirators 27) . The study was carried out for particles ranging from 10 to 80 nm and at the airflow rates of 30 and 85 l/min -1 . The MPPS was observed around 50 nm for tested respirators. The results also showed that the penetration through the electrets N95 respirators could exceed up to 5.6% in the MPPS at 85 l/min -1 . However, N95 respirators are expected to provide 95% filtration efficiency against nonbiologic and biologic particles in the MPPS. Balazy et al. measured the filtration performance of N95 respirators for NaCl particles in the size of 10 to 600 nm based on a manikin-based protocol 28) . The respirators were tested at the airflow rates of 30 and 85 l/min -1 , and the observed MPPS for the respirators with pre-charged filter media was between 30 to 70 nm. Martin and Moyer also inves-tigated the most penetrating particle size for electret filters, and found that the MPPS was in the size range from 50 to 100 nm for electret filters and it shifted to larger sizes from 250 to 350 nm if the filters were dipped in isopropanol (to reduce the electrical charge on the filter fibres) 29) . Richardson et al. tested N95 facepiece respirators with electret filter media using neutralized NaCl, DOP and MS2 aerosols, and the observed MPPS was smaller than 100 nm 30) . Eninger et al. also suggested, for electrets filters, the MPPS appeared to be less than 100 nm for uncharged and Boltzmann charged aerosols 31) . Rengasamy et al. investigated the penetration of N95 respirators using Boltzmann-charged NaCl aerosol in the size range of 20 to 400 nm 32) . They reported the MPPS around 40 nm.
These studies showed that the MPPS strongly depends on factors such as the filter's property, filtration mechanism, airflow rate, fiber charge density, and aerosol particle charge distribution. For non-charged fibers, the MPPS was generally within the size range of 100 to 400 nm, and the MPPS would increase with increasing fiber diameter and decreasing with the airflow rate 33, 34) . For pre-treated filter media, the MPPS significantly depended on the fiber charge conditions 29) .
Single-fiber classic models
The classical single-fiber efficiency is widely used for filtration application. Hinds defined the filter penetration (P) as 22) , (1) where α is the solidity, E is the single-fiber efficiency, t is the thickness of the filter, and d f is the fiber diameter.
The total efficiency (E) is approximately equal to diffusional collection efficiency (E d ) for nanoparticles since diffusion is the dominant filtration mechanism for particles below 100 nm. Previous studies gave a number of theoretical expressions for the single-fiber efficiency due to diffusion. Hinds suggested that E d is a function only of the dimensionless Peclet number (Pe) 22) , (2) where U 0 is the face velocity and D is the particle diffusion coefficient. D can be calculated by the StokesEinstein equation, (3) where k is the Boltzmann constant, T is the absolute temperature, η is the viscosity of air, C c is the slip correction factor which is calculated as,
where Kn is the Knudsen number defined as the ratio of the gas free path (that is equal to 65 nm under normal conditions) to the particle radius 28) .
Davies defines E d as 21) ,
E d is given by Cheng and Yeh as 35) ,
Stechkina carried out a boundary layer analysis for the convective diffusion equation and suggested 36) ,
where Ku, the Kuwabara hydrodynamic factor, is a dimensionless factor and depends only on solidity (α). It is defined by Hinds 22) :
Wang et al. 37) developed an empirical power law model for particles smaller than 100 nm,
Wang et al. calculated the single-fiber efficiency from the experimental data and compared it to the theoretical predictions 37) . The authors suggested neglecting the effect of the in-homogeneity and random orientations of fibers in the filtration performance might lead to the discrepancy between the experimental results and the theoretical ones.
Filtration Efficiency Affecting Factors
Thermal rebound effect From the prediction of the theoretical models, the particle collection efficiency should increase as the size of particle is reduced. However, some recent studies indicate that the filtration efficiency of nano-sized particles can be significantly reduced due to thermal rebound effect. The thermal rebound effect is widely defined by two concepts: critical velocity and kinetic energy 38) . It has been stated that with the reduction of the particle size below a certain point, the mean thermal velocity due to Brownian motion exceeds the capture velocity, and consequently increases the likelihood of particle detachment from the filter surface 23) . The possibility that very small particles do not agglomerate on collision because of their mean thermal velocity exceeding the capture velocity was observed by Dahneke 39) . On the other hand, particles with decreasing sizes would have lower adhesion ability when they come in contact with filter surface due to their behaviours: they behave more like molecules. Brown observed that as nano-sized particles approach the dimension of molecular clusters, and when they undergo contact with a fiber surface, they would not adhere to it 23) . However, is understudied the exact particle size from which such rebound effect begins to occur.
Several researchers have examined the effect of thermal rebound on the penetration of particle through filters. Wang and Kasper suggested a numerical model for nanoparticle penetration showing that the thermal impact velocity of a particle would exceed the critical sticking velocity in the size range between 1 and 10 nm depending on elastic and surface adhesion parameters 40) . Otani et al. examined particle penetration through a circular tube for silver particles. The results showed a higher particle penetration through the tube for particles below 2 nm 41) . Ichitsubo et al. found that the collection efficiency of the particles was lower than that predicted by the theoretical model for particles below 2 nm: this could likewise be due to thermal rebound effect 42) . Similarly, Balazy et al. suggested that this phenomenon occurred for liquid diethyl-hexyl-sebacate (DEHS) aerosol particles by showing that the efficiency of fibrous filters increased with decreasing particle diameter down to 20 nm and then decreased for particles smaller than that size 43) . Kim et al. measured the filtration efficiency for nanoparticles down to 1 nm through glass fibrous filters 44) . They pointed out that thermal rebound effect occurred at particles sizes below 2 nm and electrostatic force would become significant in the thermal rebound regime.
However, Alonso et al. detected no particle rebound phenomenon in the same size range as that studied by Ichitsubo et al 42, 45) . They reported that the disagreement between the theoretical and experimental studies could be attributed to an unreliable sizing of the particles below 3 nm by the current available techniques. In addition, Heim et al. challenged Ichitsubo et al., attributing their findings to inaccurate particle size measurement of particles below 2-3 nm caused by an artefact of differential mobility analyzer (DMA) diffusional broadening 42, 46) . Kim et al. investigated nanoparticle filtration characteristics of several commercial filter media including four fiberglass filter media, four electret filter media and one nano-fiber filter media by using silver nanoparticles from 3 nm to 20 nm 47) .
They observed that particle penetration decreased continuously down to 3 nm, which suggested that there was no significant evidence of the nanoparticle thermal rebound effect down to 3 nm. Heim et al. also claimed that when accurate sampling methods were used no thermal rebound was detected for NaCl particles in the size range down to 2.5 nm 48) . Huang et al. measured the penetration of NaCl aerosol particles in the size between 4.5 nm and 10 µm through facepiece respirators and observed no thermal rebound of particles in the range down to 4.5 nm 16) . Japuntich et al. measured the filtration efficiency of particles in the size range of 10 to 400 nm and found no thermal rebound 49) . Rengasamy et al. investigated the filtration performance of five models of NIOSH-approved N95 and two models of P100 facepiece respirators against monodisperse silver and NaCl aerosol nanoparticles 50) . They reported that the penetration levels of silver particles decreased with particle diameter down to 4 nm for all five N95 models and down to 12 nm for two P100 models, which was consistent with the single-fiber filtration theory. They claimed that there was no evidence for thermal rebound effect for particles in the size range of 4 to 30 nm.
Shin et al. carried out filtration efficiency experiments for a screen mesh of silver nanoparticles in the range of 3 nm to 20 nm at elevated temperature up to 500 K 51) . According to the study conducted by Wang and Kasper, it was expected to observe more particle detachment from the fiber surface as a result of exceeding the Brownian motion of nanoparticles at elevated temperatures 40) . They reported the possibility of thermal rebound at high temperatures for NaCl particles with 1 to 3 nm size range. However, Shin et al. showed that there was no thermal rebound effect detected in particle size down to 3 nm at 500 K 51) . Shin et al. pointed out that the inconsistency from two studies might be attributed to the different behavior of silver and NaCl particles at elevated temperature 51) .
Face velocity and airflow rate
The face velocity/airflow rate can significantly affect the total filtration performance of fibrous filters since it influences the contribution of diffusion, interception and electrostatic mechanisms 45, 52) . At low face velocity, diffusion and electrostatic forces significantly contribute to the capture efficiency due to higher residence time. With an increasing face velocity, the interception mechanism dominates while the diffusion effect contributes much less to the filter's collection performance. Thus, it is expected that the filtration efficiency drops considerably at higher face velocity. Boskovic et al. tested the filtration efficiency at various velocities ranging from 5 to 20 cm/s -1 for different shapes of particles (sphere, semi rounded and cubic) 38, 53) . The measured particle size was in the range of 50-300 nm. The results showed that at lower face velocity the filtration efficiency of fibrous filters improved for all different shape of particles. Balazy et al. investigated the filtration efficiency and pressure drop at air velocities between 10 and 30 cm/s -1 for particles in the range of 10-500 nm 43) . The results demonstrated that the total filtration efficiency was reduced by increasing air velocity. Kim et al. conducted the penetration test at face velocity of 5.3, 10, and 15 cm/s -1 using silver nanoparticles from 3 nm to 20 nm 47) . The results showed that higher face velocity increases particle penetration due to shorter residence time through filters.
For the respiratory filters, particle penetration is determined as a function of the airflow rate instead of face velocity. Several studies have been conducted to investigate the effectiveness of respirators in the removal of nanoparticles at different airflow rates. Eninger et al. evaluated the performance of two models of N95 and one N99 face-piece respirators against three viruses and NaCl particles 31) . Experiments were carried out at airflow rates of 30, 85 and 150 l/min -1 . For the N95 model, the highest NaCl particle penetrations of 1.3, 5.9 and 10.2% were obtained at respectively airflow rates of 30, 85 and 150 l/min -1 . For the N99 respirator model, the maximum penetrations were 1.0, 4.3 and 6.6% at airflow rates of 30, 85 and 150 l/min -1 , respectively. For the viruses, an increase of airflow rate from 85 to 150 l/min -1 strongly affected the performance of all tested respirators. Balazy et al. also measured the penetration through two models of N95 respirators for NaCl particles within 10 to 600 nm at two airflow rates of 30 and 85 l/min -1 28) . The results demonstrated that air flow rate has a strong impact on the particle penetration through the filter face-piece respirators. The particle penetration through both N95 respirators would exceed up to 5% at the airflow rate of 85 l/min -1 . Rengasamy et al. evaluated the performance of several N95 and P100 models against mono-disperse silver aerosols 50) . The test was carried out for particles ranging from 4 to 30 nm at an airflow rate of 85 l/min -1 . The results demonstrated that the particle penetration decreased for all tested respirators as the particle size decreased to 4 nm. For N95 face-piece respirators, the particle penetration varied from 1.1% to 4.0%. For P100 respirators, particle penetration less than 0.3% was observed.
Most existing guidelines suggest testing filters at the flow rate of 85 l/min -1 this flow rate simulates human breathing at a heavy work load. Janssen however suggested that respirators should be tested at an airflow rate of 350 l/min -1 54) ; it is believed a much higher breathing airflow rate may occur in the workplace.
Humidity
Humidity is one of the factors that may influence the filtration performance. The effects of humidity are not well understood due to lack of investigations. Kim et al. reported no significant effect of humidity on filtration efficiency for particles below 100 nm by showing almost the same filtration efficiency at different relative humidity (RH) of 0.04, 1.22, and 92% 44) . Inconsistent with Kim et al.'s observation, Brown and Miguel showed that the filtration efficiency improved with increasing relative humidity for coarse particles 23, 55) . Kim et al. explained that an increase of the capillary force at higher RH would increase the adherence between fiber filter and particles 44) . However, the high attraction between particles and filters due to capillary force is only considerable for larger size particles.
In contrast with those studies for mechanical filters, the studies for electret filters (charged filters) demonstrated the filtration performance decreases as humidity increases. The reason is that higher humidity would lead to the reduction in the charges on the filter's fiber and particles. Ikezaki et al. and Lowkis et al. also confirmed that the potential of the electret filters on the collections of the particles fell as the surface charge was decreased with the increase of RH 56, 57) . Yang and Lee, however, reported that RH had no effect on the aerosol penetration through the electret filter for monodisperse NaCl particles ranging from 50 nm to 100 nm by showing that the aerosol penetration was almost the same at two RH of 30% and 70% 58) . Yang and Lee explained that other studies mainly charged the electret filters either by using corona or triboelectric charging methods. These methods made the ions and electrons on the fibers easily removable by the water molecules (resulting in the decrease of surface charge with a higher RH) 58) . In their study, Yang and Lee charged filters by coating with the negatively carbonchain-group ions which makes the surface charge less affected by the humidity 58) . Another possibility is that NaCl particles at RH of 70% may undergo deliquescence and grow to larger particles so that the measured filtration efficiency is overestimated.
Particle charge states
Particle charge is another factor that significantly affects the particle filtration efficiency of mechanical and electret filters 59, 60) . The increase in filtration efficiency is associated with additional electrostatic attraction resulting from coulomb and image force attraction 23) . Kim et al. demonstrated the difference in the collection efficiency through a glass fiber filter at different charge states for particle ranging from 2 to 100 nm 44) . They found that the filtration efficiency for uncharged particles was much lower than that for charged particles, and this discrepancy decreased with the reduction in particle size. They explained that this phenomenon was due to the fact that diffusion is the most dominant deposition mechanism for nanoparticles and this process increases the effect of diffusion for smaller particles. In addition to particle size, face velocity also had significant effect on the filtration efficiency for charged particles. It was found that high-er face velocity would lead to filtration less affected by particle charge because of shorter residence time 52) . The penetration of neutralized and non-neutralized particle in the range of 10 to 600 nm through electret and mechanical filters was investigated by Balazy et al. 28) . Higher filtration efficiency was observed when testing the penetration of the neutralized particles for the electret filters. However, for the mechanical filters, they reported no significant change between the neutralized and non-neutralized particles. Yang and Lee measured the filtration efficiency for NaCl aerosols with the Boltzmann-equilibrium, neutral, or singly charged state. They showed that singly charged aerosols would lead to higher filtration efficiency than neutral aerosols: the Coulomb capture force was dominant for nanoparticles 58) .
Testing Standards
In June 1995, the National Institute for Occupational Safety and Health (NIOSH) updated the certification test criteria for negative pressure air-purifying particulate respirators with the enactment of 42 CFR 84 61) . NIOSH certifies three classes of filters labeled N, R, and P, and three levels of filter efficiency, 95%, 99% and 99.97% for each class of filter. N, R and P correspond to filters respectively not resistant, limited resistance and resistant to oil aerosols. NIOSH approves the 'N-series' respiratory filters (N95, N99 and N100) based on tests performed with a polydisperse distribution of NaCl particles with a count median diameter (CMD) of 0.75 ± 0.020 µm. R-and Pdesignated respirators (R95, R99, R100, P95, P99, P100) are tested with a polydisperse distribution of dioctyl phthalate (DOP) particles with a CMD of 0.165 ± 0.020 µm 61) . Tests are performed at a constant flow rate of 85 l/min -1 corresponding to an average breathing rate of an individual involved with a heavy work load. In the NIOSH certification test, the filtration efficiency of N95 facepiece respirator is measured under 'worst-case' scenario using Boltzmann charge-neutralized particles. Balazy et al. showed that an emerging Coulomb force would be induced if both filters and particles were charged. This would significantly overestimate the respirator performance 28) .
As pointed out earlier, the MPPS for a specific filter system depends on the filter's property, filtration mechanism, air flow rate, fiber charge density, and aerosol particle charge distribution. For electrets filters, "the existing certification test may not assess filtration efficiency for particle sizes that represent the worst-case scenario 31) ". The MPPS for electret filters is much smaller than that for mechanical filters. However, the NIOSH certification test assumes the MPPS of approximately 300 nm for all filters and filters types: this may not be true for electret filters. Forward-light scattering photometers are used in the NIOSH testing protocol to measure aerosol concentrations before and after the tested respirator. Generally, photometer signal is only capable of measuring the particles with diameters larger than 100 nm so that photometric method employed in the NIOSH protocol is not suitable for nanoparticles application 31) . Eninger et al. showed that 68% and 10% (by count) of NaCl and DOP particles are below 100 nm in NIOSH testing protocol 31) .
For mechanical ventilation system filters, standards exist for the different types of air filters 62) . Most of the filters are tested with particles size larger than 300 nm. Only High-Efficiency Particulate Air (HEPA) and UltraLow Penetration Air (ULPA) filters are tested with particles smaller than 300 nm 63) 63) .
The HEPA and ULPA filters are used for collection of particles with diameter less than 300 nm. HEPA filters should have filtration efficiency of 99.97% for particle size 300 nm in size at a face velocity of 5.3 cm/s -1 . The filtration efficiency of ULPA filters can exceed up to 99.999% with particle size of 0.12 µm.
Conclusion and Future Direction
A review of previous research work on the filtration performance of filters and respirators against nanoparticles is presented. It is very difficult to draw any scientific conclusion from previous studies. This inconclusiveness is due to the lack of understanding on the effectiveness of filter media for capturing nanoparticles. The methodologies and protocols adopted are not standardized: the experiments are carried out at various conditions (temperature, airflow rate, RH, measurement techniques, etc.). This has limited the validation of the procedure and has made it difficult to compare the results of these various studies. With the exponential growth in the manufacturing sector of nano-products, it is important to study the impact of the above mentioned parameters on filter effectiveness under conditions normally found in the working environment. This is especially important given that one of the most challenging issues currently facing occupational health and safety is the lack of knowledge about the effect of airflow rate, temperature, humidity, and the duration of use on the performance of filter media for capturing nanoparticles. The priority on the future research project should be development of an experimental set-up to characterize the filter efficiency in different experimental conditions. This will assist in the development of expertise and knowledge in nanoparticle filtration. It is also essential to develop a standardized method for measuring the effectiveness of these filters for respiratory protection and HVAC system and comparing their performances. To our knowledge, there are no current standards to quantify or classify the performance of these filters against nanoparticles.
Previous studies were limited to bench-top tests under high contaminant concentration and at relatively low airflow rates. Due to the conditions forementioned, the results of these studies cannot be inferred for real applications. The majority of previous investigations demonstrated that the filter respirators were efficient for capturing particles at constant flow rates ranging between 30 and 85 l/min -1 . Although a flow rate of 85 l/min -1 simulates the relatively high breathing rate at strenuous work load used by NIOSH for respirator certification, it is believed that the inhalation rate can exceed 350 l/min -1 at a heavy work load 54) . Richardson showed that increasing airflow rates at both constant and cyclic conditions could lead to higher particle penetrations 30) . Further research is necessary to investigate the filter efficiency depending on the duration of use and at higher airflow rates (300-400 l/min -1 ) which replicates peak breathing flows at high working loads. It is also important to investigate the performance of respiratory mask filters under a realistic airflow pattern (cyclic airflow).
Last but not the least, improved selection on respirators against nanoparticles should be developed to ensure high levels of respiratory protection for workers and exposed persons.
